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The Malignant Conversion Step of Mouse

Skin Carcinogenesis

by Stuart H. Yuspa,* Henry Hennings,* Dennis Roop,*
James Strickland,* and David A. Greenhalgh*

Multiple benign squamous papillomas commonly precede the development of an occasional squamous
cell carcinoma in mouse skin carcinogenesis. The incidence of carcinomas can be enhanced by treating
papilloma-bearing mice with mutagens such as urethane, nitroquinoline-N-oxide, or cisplatinum. This
observation suggests that a genetic change is required for malignant conversion. The malignant phenotype
is characterized by a marked reduction in the transcription of specific epidermal differentiation markers,
a pattern which is useful for the early diagnosis of malignant conversion. Cells expressing a benign
phenotype can be obtained by introducing the v-ras™ oncogene into cultured epidermal cells by a repli-
cation-defective retrovirus. Alternatively, benign tumor cells can be cultured from papillomas induced by
chemical carcinogens in vivo or from carcinogen-treated mouse epidermis. In all cases, the benign phen-
otype in vitro is characterized by an altered biological response to changes in extracellular calcium, an
important determinant of the differentiation state of cultured normal keratinocytes. Transfection of cloned
plasmid DNA into benign tumor cells has revealed that transforming constructs of the fos oncogene induce
malignant conversion, whereas myc and adenovirus EIA oncogenes do not. The fos carcinomas do not
express differentiation-specific epidermal markers and secrete proteases such as transin and urokinase, a
set of characteristics previously noted for chemically induced skin carcinomas. Cultured normal epidermal
cells, exposed to the v-ras and the v-fos oncogenes simultaneously, are malignantly transformed. Alone,
the fos oncogene does not detectably alter the phenotype of normal keratinocytes. These studies indicate

that a limited number of genes is involved in epidermal carcinogenesis.

Introduction

In chemically induced mouse skin carcinogenesis, ep-
idermal cancers are commonly preceded by the appear-
ance of multiple benign squamous papillomas. Opera-
tionally, at least three distinct steps have been defined
in mouse skin carcinogenesis (Z). The first stage, initi-
ation, occurs rapidly, is irreversible, and is commonly
caused by mutagens. A single amino acid substitution
mutation in the codon 61 of the c-ras™ gene has been
causally related to the initiation step (2,3). Further-
more, introduction of the v-ras™ gene into normal ep-
idermal cells is sufficient to initiate benign tumor for-
mation (4,5). Initiated epidermal cells are resistant to
signals that induce terminal differentiation in normal
cells (6,7).

The second stage of mouse skin carcinogenesis, pro-
motion, results from repeated and frequent applications
of promoting substances that are generally nonmuta-
gens (Z). Most tumor promoters work by changing tissue
homeostasis, providing an environment conducive for
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the selective clonal outgrowth of initiated cells (8,9).
Initiation and promotion results in the production of
multiple benign squamous papillomas, each of which is
a monoclonal expansion of a single initiated cell (10).

The majority of papillomas remain benign throughout
the lifetime of the animal (11). The low rate of spon-
taneous malignant conversion can be accelerated and
the frequency enhanced by exposure of papilloma-bear-
ing animals to mutagenic initiating agents (12—14). The
introduction of specific oncogenes into benign tumor
cells can also cause malignant conversion (15-17). To-
gether these results suggest that a second somatic mu-
tation in a benign tumor cell is sufficient to cause ma-
lignant conversion.

Genetic Basis of Malignant
Conversion

Cell lines that produce papillomas when grafted as
part of a reconstituted skin have been established in
culture from chemically induced tumors (18). Two of
these lines, SP-1 and 308, were derived from Sencar
and Balb/c mice, respectively, and contain an activated
c-ras™® gene containing an A — T transversion in codon
61 (2,18). These cell lines were stably transfected with
plasmid DNA containing either a rearranged murine
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plasmacytoma-derived ec-myc (minus exon 1), adenovi-
rus 5 E1A, FBJ v-fos, or a human c-fos/FBJ v-fos chi-
mera using cotransfection with a neomycin-resistance
gene contained in pSVgneo to select for transformants
(16). The E1A and myc-containing plasmids did not alter
the benign phenotype. Both fos constructs caused ma-
lignant conversion in either cell line as defined by the
squamous cell carcinoma histology of tumors from
grafted cells and the development of carcinomas after
SC injection into athymic nude mice. The carcinomas
produced by the fos oncogenes were devoid of staining
for mouse keratin 1 (K1) but were positive for keratin
14 (K14), a marker pattern previously seen in chemically
induced carcinomas (19). Tumors from E1A, myc, or
pSV.neo transfectants express K1, although in a focal
distribution, a pattern common to dysplastic papillomas
(19). fos-Induced carcinomas were indistinguishable
from parental benign tumor cells by several in vitro
markers of transformation. The fos transfectlon did not
alter expression of the mutant c-ras Ha t6 cause malig-
nant conversion.

Undocumented genetic changes from establishment
of parental cells in vitro could have contributed to the
complementary action of the fos oncogene in malignant
conversion in the foregoing studies. Cooperativity
among ras and fos oncogenes in carcinoma induction was
therefore tested directly in primary epidermal cells.
Three days after isolation and cultlvatlon newborn ker-
atinocytes were co-infected with v-ras™ and v-fos re-
troviruses that were replication defective (5,20). In-
fected keratinocytes were removed from culture and
tested for tumor formation i vivo. In eight mdependent
experlments, combined exposure to v- fos and v-ras™
resulted i In squamous cell carcinomas, while exposure
to v-ras™® only produced squamous paplllomas and v-
fos only produced normal skin. The tumors evolvmg
from combined infection with v-fos and v-ras™® ex-
pressed K14 but not K1. Nucleic acid hybridization stud-
ies of RNA isolated from tumors from all groups indi-
cated that the v-ras™ oncogene was expressed in the
papillomas and both the v-ras™® and v-fos oncogenes
were expressed in carcinomas. These results support
the conclusion that cooperation between a fos and ras
oncogene is sufficient to produce squamous carcinomas
of keratinocyte origin. Furthermore, activation of fos
alone may yield a normal skin phenotype, although such
cells could experience malignant conversion by activa-
tion of a single complementing ras™ oncogene.

Conclusions

Our studies indicate that a single gene is sufficient to
convert benign skin tumors to malignancy. Under cer-
tain conditions the fos oncogene can cause this change.
the fos oncogene may exert its converting action via
transcriptional enhancement of specific cellular genes,
in conjunction with API, a mammalian transcriptional
activator (21,22). Among the genes regulated by fos/
AP1 are secreted proteases, such as transin and colla-
genase (23). The elaboration of proteases as an early

event in malignant conversion is consistent with the
phenotypic differences cataloged among benign and ma-
lignant squamous tumors (19,24). As initiated cells al-
ready express an intrinsic defect in their differentiation
program by virtue of the initiating mutation, protease
secretion could lead to a major disruption of the extra-
cellular environment (e.g., stroma, basement mem-
brane) required to maintain proper structural organi-
zation in the benign tumor and thus proper expression
of differentiation markers. Loss of extrinsic components
of tissue regulation could cause the dysplastic histotype
observed during malignant progression. Dysplasia is as-
sociated with loss of specific markers when analyzed by
molecular probes (25). The loss of extrinsic control of a
normal regulatory program could also deregulate the
positional control of proliferation and lead to additional
genetic changes associated with malignant progression.

A number of inhibitors have been described for in-
dividual proteases within a protease cascade (26). Cys-
tatin A, a specific inhibitor of thiol proteases, is com-
monly deficient in malignant, but not benign skin tumors
(27). The loss of an inhibitor could result in an enhance-
ment of proteolytic activity, having similar phenotypic
consequences as enhanced expression of the protease.
One implication of such reasoning is that protease in-
hibitors could comprise one class of tumor suppressor
genes.

REFERENCES

1. Yuspa, S. H. Cutaneous chemical carcinogenesis. J. Am. Acad.
Dermatol. 15: 1031-1044 (1986).

2. Balmain, A., Ramsden, M., Bowden, G. T., and Smith, J. Acti-
vation of the mouse cellular Harvey-ras gene in chemically in-
duced benign skin papillomas. Nature 307: 658-660 (1984).

3. Bizub, D., Wood, A. W., and Skalka, A. M. Mutagenesis of the
c-ras oncogene in mouse skin tumors induced by polycyclic aro-
matic hydrocarbons. Proc. Natl. Acad. Sci. USA 83: 6048—6052
(1986).

4. Brown, K., Quintanilla, M., Ramsden, M., Kerr, 1. B., Young,
S., and Balmain, A. v-Ras genes from Harvey and BALB murine
sarcoma viruses can act as initiators of two stage mouse carcin-
ogenesis. Cell 46: 447-456 (1986).

5. Roop, D. R., Lowy, D. R., Tamborin, P. E., Strickland, J., Har-
per, J. R., Balaschak, M., Spangler, E. F., and Yuspa, S. H. An
activated Harvey ras oncogene produces benign tumors on mouse
epidermal tissue. Nature 323: 822—824 (1986).

6. Yuspa, S. H., and Morgan, D. L. Mouse skin cells resistant to
terminal differentiation associated with initiation of carcinogen-
esis. Nature 293: 72-74 (1981).

7. Kilkenny, E., Morgan, D., Spangler, E. F., and Yuspa, S. H.
Correlation of initiating potency of skin carcinogens with potency
to induce resistance to terminal differentiation in cultured mouse
keratinocytes. Cancer Res. 45; 2219-2225 (1985).

8. Yuspa, S. H. Tumor promotion. In: Accomplishments in Cancer
Research 1986 (J. F. Fortner and J. E. Rhoads, Eds.), J. B.
Lippincott Co., Philadelphia, PA, 1987, pp. 169-182.

9. Yuspa, S. H., and Poirier, M. C. Chemical carcinogenesis: from
animal models to molecular models in one decade. Adv. Cancer
Res. 50: 25-70 (1988).

10. Deamont, F. D., and Iannoccone, P. M. Clonal origin of chemically
induced papillomas: separate analysis of epidermal and dermal
components. J. Cell Sci. 88: 305-312 (1987).

11. Hennings, H., Shores, R., Mitchell, P., Spangler, E. F., and
Yuspa, S. H. Induction of papillomas with a high probability of
conversion to malignancy. Carcinogenesis 6: 1607-1610 (1985).



12.

13.

14.

15.

16.

17.

18.

19.

MALIGNANT CONVERSION OF SKIN TUMORS

Hennings, H., Shores, R., Wenk, M. L., Spangler, L. F., Tarone,
R., and Yuspa, S. H. Malignant conversion of mouse skin tumors
is increased by tumor initiators and unaffected by tumor pro-
moters. Nature 304: 67-69 (1983).

O’Connell, J. F., Klein-Szanto, A. J. P., DiGiovanni, D. M., Fries,
J. W., and Slaga, T. J. Malignant progression of mouse skin
papillomas treated with ethylnitrosourea, N-methyl-N’-nitro-N-
nitrosoguanidine, or 12-O-tetradecanoylphorbol-13-acetate. Can-
cer Lett. 30: 269-274 (1986).

Hennings, H. Malignant conversion: the first stage in progression
from benign to malignant tumors. In: Skin Carcinogenesis (T. J.
Slaga, A. J. P. Klein-Szanto, R. K. Boutwell, and D. E. Steven-
son, Eds.), Alan R. Liss, New York, 1989, pp. 95-100.
Harper, J. R., Roop, D. R., and Yuspa, S. H. Transfection of
the EJ ras-Ha gene into keratinocytes derived from carcinogen
induced mouse papillomas causes malignant progression. Mol.
Cell. Biol. 6: 3146-3149 (1986).

Greenhalgh, D. A., and Yuspa, S. H. Malignant conversion of
murine squamous papilloma cell lines by transfection with the fos
oncogene. Mol. Carcinog. 1: 134-143 (1988).

Dotto, G. P., O’Connell, J., Patskan, G., Conti, C., Ariza, A.,
and Slaga, T. J. Malignant progression of papilloma-derived ker-
atinocytes: differential effects of the ras, neu, and p53 oncogenes.
Mol. Carcinog. 1: 171-179 (1988).

Strickland, J. E., Greenhalgh, D. A., Koceva-Chyla, A., Hen-
nings, H., Restrepo, C., Balaschak, M., and Yuspa, S. H. De-
velopment of murine epidermal cell lines which contain an acti-
vated ras-Ha oncogene and form papillomas in skin grafts on
athymic nude mice. Cancer Res. 48: 165-169 (1988).

Roop, D. R., Krieg, T. M., Mehrel, T., Cheng, C. K., and Yuspa,

20.

21.

22.

23.

24.

25.

26.
21.

195

S. H. Transcriptional control of high molecular weight keratin
gene expression in multistage mouse skin carcinogenesis. Cancer
Res. 48: 3245-3252 (1988).

Mann, R., Baltimore, D., and Mulligan, R. C. Construction of a
retrovirus packaging mutant and its use to produce helper-free
defective retrovirus. Cell 33: 153—159 (1983).

Rauscher, F. J., Sambucetti, L. C., Curran, T., Distel, R. J.,
and Spiegelman, B. M. Common DNA binding site for fos protein
complexes and transcription factor AP1. Cell 52: 4-71 (1988).
Setoyama, C., Frunizo, R., Liau, G., Mudryi, M., and Decrom-
brugghe, B. Transcriptional activation encoded by the c-fos gene.
Proc. Natl. Acad. Sci. USA 83: 3213-3217 (1986).

Curran, T., and Franza, B. R. fos and jun: the AP-1 connection.
Cell 55: 395-397 (1988).

Matrisian, L. M., Bowden, G. T., Krieg, P. Fiirstenberger, G.,
Briand, J. P., Leroy, P., and Breathnach, R. The mRNA coding
for the secreted protease transin is expressed more abundantly
in malignant than in benign tumors. Proc. Natl. Acad. Sci. USA
83: 9413-9417 (1986).

Aldaz, C. M., Conti, C. J., Larcher, F., Trono, D., Roop, D. R.,
Chesner, J., Whitehead, T., and Slaga, T. J. Sequential devel-
opment of aneuploidy, keratin modifications, and gamma-gluta-
myltransferase expression in mouse skin papillomas. Cancer Res.
48: 3253-3257 (1988).

Lenny, J. F. Inhibitors associated with the proteinases of mam-
malian cells and tissues. Curr. Topics Cell Reg. 17: 25—57 (1980).
Hawley-Nelson, P., Roop, D. R., Cheng, C. K., Krieg, T. M.,
and Yuspa, S. H. Molecular cloning of mouse epidermal cystatin
A and detection of regulated expression in differentiation and
tumorigenesis. Mol. Carcinog. 1: 202-211 (1988).



